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ABSTRACT
Because of the surfaces of wood-plastic composite (WPC) materials are 
enriched in polymers of low surface energy, they exhibit low adhesion 
properties. UV/ozone is proposed as surface treatment for increasing 
the surface energy and adhesion of WPC materials made with different 
polymers (polyethylene, polypropylene and polyvinyl chloride). UV 
lamp-WPC surface distance and time of UV exposure were varied for 
optimizing UV/ozone treatment of WPC, and UV dose used ranged 
between 2.02 × 10−14 and 5.05 × 10−12 J·s/m2. UV/ozone treatment created 
new carbon-oxygen polar groups in WPC surfaces and increased their 
surface energy, mainly their polar component. Furthermore, ablation of 
the outermost WPC surface was produced, more noticeably by reducing 
the distance between WPC surface and UV lamp and by increasing the 
duration of the treatment. Noticeable increase in 180° peel adhesion 
was obtained in the joints made with UV/ozone treated WPC at 10–
30 mm distance during 1–5 min (i.e., UV dose between 5.61 × 10−14 and 
2.53 × 10−12 J·s/m2). Although 180° peel strength of joints made with 
acrylic adhesive tape and UV/ozone treated WPC for 10 min and 10 mm 
distance (UV dose: 5.05 × 10−12  J·s/m2) was not increased because of 
dominant effect of ablation over creation of polar groups, the cross-
hatch adhesion to different coatings was highly improved, irrespective 
of the polymer used and the wood content of WPC; however, the surface 
modifications and adhesion of UV/ozone treated WPC were more marked 
when its wood content was higher and by using UV dose between 
0.10 × 10−12 and 2.53 × 10−12 J·s/m2.
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1. Introduction
Wood-plastic composite (WPC) is prepared by mixing wood fibers or flour, polymer and 
several processing additives (biocides, lubricants, etc.) [1]. WPC materials are widely used 
in building and furniture industry as materials for decking, railing, siding and paneling, and 
in applications requiring high outdoor resistance. Due to the similar appearance of wood 
and WPC, WPC is a good alternative material with improved properties (higher stiffness, 
higher mechanical strength and lower biodegradability) which are imparted by the poly-
mer used in its manufacturing. In general, the polymer constitutes 30–70 wt% of the WPC 
mass, and most used polymers are polyethylene (PE), polypropylene (PP) and poly (vinyl 
chloride) (PVC). Due to processing the surface and the bulk properties of WPC materials 
are different because the external surface is covered with polymer of low surface energy. In 
fact, WPC has the same surface properties than the polymer in its composition, and thus 
WPC materials made with PE and PP show low surface energies due to their non-polar 
character, they are difficult to paint, coat and bond. Currently, WPC materials are joined by 
mechanical interlocking by means of nails or by attaching complemented extruded shapes 
[2]. As an alternative, for improving the surface energy and adhesion of WPC, several 
surface treatments have been proposed in the literature.
The treatment of different WPC materials with surface treatments including flame, sand-
ing, chromic acid treatment and corona discharge, have been proposed elsewhere [1,3]. The 
application of these surface treatments showed notable improvement of surface energy and 
adhesion of WPC. Laborie et al. [4] proposed oxy-fluorination of WPC materials made 
with PE and PP for increasing adhesion and wettability. In more recent study [5], four 
environmentally friendly surface treatments (hot air, flame, hydrogen peroxide solution and 
halogen heating lamps) to improve adhesion of WPC were proposed, and an improvement 
of 37–44% in adhesion was obtained. A comparison of the effectiveness of several surface 
treatments (flame, mechanical abrasion, corona discharge) of WPC was also carried out 
by Moghadamzadeh et al. [6] and they obtained notable improvement in pull-off strength 
which was ascribed to surface roughness and chemical modifications of WPC. Other studies 
considered the surface modifications of WPC treated with corona discharge [7–10] which 
consisted in the creation of surface roughness and chemical modifications. Gupta et al. 
[11] proposed the surface activation of different WPC materials by flame, chromic acid and 
oxygen low-pressure plasma, concluding that the surface treatment with oxygen low-pres-
sure plasma improved notably wettability and adhesion. Constantinescu et al. [12] treated 
WPC with air low-pressure plasma but the adhesion properties were not characterized. 
More recently, the treatment with dielectric barrier discharge (DBD) have been proposed 
for improving adhesion and increase the surface energy of WPC both were independent on 
the system configuration [13–15]. In addition, atmospheric pressure plasma treatments have 
been proposed for improving wettability and adhesion of WPC made with PP [16–18]. In 
general, the improved properties of WPC treated with low-pressure or atmospheric pressure 
plasmas have been ascribed to increase in surface polarity and modification of roughness.
The surface treatments of WPC proposed up to date show some limitations. For example, 
the surface treatment with corona discharge is difficult for treating three-dimensional WPC 
pieces, and the surface treatment with low-pressure plasmas is discontinuous and limited 
to small pieces. In this study, UV/ozone surface treatment of WPC is proposed because of 
it is simple and fast, and can be used for treatment of three-dimensional and small or large 
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WPC pieces. It has been shown elsewhere [19–21] that UV/ozone treatment is effective in 
improving the polarity and adhesion of different polyolefins and rubbers. More precisely, 
some literature has shown that the combined treatment of UV radiation with ozone pro-
duced oxidation of polypropylene, polyethylene terephthalate and polyethylene surfaces 
[19,22,23] leading to increased adhesion.
There are few references [11,24–26] on the influence of UV radiation on the proper-
ties of WPC. The prolonged exposure to UV radiation on ageing of WPC has been stud-
ied [24–26] and surface oxidation and changes in morphology were produced leading to 
increased moisture absorption and worsened mechanical properties. On the other hand, 
UV radiation exposure of WPC surface treated with benzophenone derivative has been 
proposed for improving adhesion but small increase was obtained [11]. To the best of our 
knowledge, there are no previous studies on the surface treatment of WPC with UV/ozone 
for improving adhesion, and in this study the optimization of UV/ozone surface treatment 
for improving surface energy and adhesion of several WPC materials made with different 
polymers and the characterization of the surface modifications produced by the treatment 
have been carried out.
2. Experimental
2.1. Materials
Three different commercial WPC materials were used [18] to compare the influence of 
the polymer in their composition on the effectiveness of UV/ozone surface treatment: (i) 
PE-WPC composite prepared with wood flour and high density polyethylene (HDPE) was 
supplied by Condepols Company (Jaén, Spain); (ii) PP-WPC is wood filled polypropyl-
ene composite supplied by SCT-Straw (Barcelona, Spain); and (iii) PVC-WPC composite 
prepared with vegetable fibres, poly(vinyl chloride) and mineral inorganic fillers was sup-
plied by Plásticos Viters S.A. (Valencia, Spain). PE-WPC and PVC-WPC composites were 
received in the form of alveolar boards which were cut into pieces of 30 × 70 mm2, and 
PP-WPC composite was received as solid profiles that were cut into pieces of 40 × 40 mm2 
for characterization, surface modification and adhesion tests.
2.2. Surface treatment with UV/ozone
UV/ozone treatment unit is composed of box made of UV resistant polycarbonate inside 
which low-pressure vapor grid mercury lamp is placed (Figure 1). Exhaust fan is located in 
one side of the treatment unit to avoid the over-heating of the UV lamp and for maintaining 
constant the concentration of ozone during surface treatment. Ozone generator is not used 
but is produced by the wavelength of 184.9 nm of UV lamp. Several open holes on the upper 
part of the treatment unit allow continuous air inlet into the chamber for ozone formation. 
Ozone concentration is controlled by continuous operation of the exhaust fan which is able 
to evacuate 625 m3/h air, i.e., the flow of the inlet air is controlled by the exhaust fan which 
is removing ozone and, at the same time, allow new air introduction into the chamber for 
ozone formation. WPC surface-UV lamp distance was varied by means of rotating screw 
operated by manual handle. In this study, the distance between the WPC surface and the 
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UV lamp was varied from 10 to 50 mm and the duration of the UV/ozone surface treatment 
was varied between 1 and 10 min.
UV lamp was manufactured by American Ultraviolet (Lebanon, IN, USA) and has two 
main emissions, 20% at wavelength of 184.9 nm and 80% at wavelength of 253.7 nm. The 
energy (E) provided by UV lamp was calculated by using Equation (1):
 
where h is Plank’s constant (6.626.10−34 J·s), c is the light speed (3.108 m/s), and λ is the 
wavelength of the UV lamp calculated by assuming that 20% of the energy is produced at 
184.9 nm and 80% at 253.7 nm. The energy of the UV lamp used in this study is 8.42 × 10−19 J.
UV dose applied to WPC surface will vary with the treatment time and the UV lamp-
WPC surface distance. UV dose was calculated by multiplying the energy of the UV lamp 
by the time of treatment in seconds and by dividing by the square of the UV lamp-WPC 
surface in meters, and therefore it was expressed as J·s/m2. Figure 2 shows the variation of 
UV dose as a function of the UV lamp-WPC surface distance for different treatment times. 
As expected, UV dose increases by increasing the treatment time and by decreasing the UV 
lamp-WPC surface distance. However, UV dose is somewhat similar for UV lamp-WPC 
(1)E = hc∕휆
Figure 2. Variation of the UV dose as a function of UV lamp-WpC surface distance at different treatment 
times.
Figure 1. scheme of UV/ozone equipment.
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surface distances of 30 mm or higher (2.81 × 10−13 to 2.02 × 10−14 J·s/m2), irrespective of 
the treatment time.
2.3. Experimental techniques
2.3.1. Attenuated total reflectance infrared spectroscopy
The chemical modifications of WPC surface treated with UV/ozone were determined by 
infrared spectroscopy operating in attenuated total reflectance mode (Attenuated total 
reflectance infrared [ATR-IR] spectroscopy). ATR-IR spectra were obtained in Tensor 27 
spectrometer (Bruker Optiks, Ettlingen, Germany) and diamond prism was used. The inci-
dence angle of the IR beam was 45°, and 60 scans with a resolution of 4 cm−1 were recorded 
and averaged. Under these experimental conditions, the depth of the WPC surface analyzed 
was about 10–15 μm.
2.3.2. Thermal gravimetric analysis
The thermal stability and the chemical composition of WPC materials were obtained by 
thermal gravimetric analysis (TGA). 10 mg of WPC sample were placed in platinum crucible 
of TGA TA Q500 equipment (TA instruments, New Castle, DE, USA) and the sample was 
heated up under nitrogen atmosphere (flow: 60 ml/min) from room temperature to 800 °C 
by using a heating rate of 10 °C/min. For determining the existence of inorganic fillers in 
WPC, at the end of the TGA experiment the nitrogen was changed onto air (flow: 60 ml/
min) and heated at 800 °C during 15 min.
2.3.3. Contact angle measurements
Contact angles were measured at 25 °C in Ramé-Hart 100 goniometer (Netcong, NJ, USA) 
and different test liquids were used. 4 μl drops of bidistilled and deionized water (polar 
liquid) or diiodomethane (non-polar liquid) were placed on the WPC surface, and the 
contact angle values were measured immediately after drop deposition. The advancing and 
receding contact angles were measured by using the tilting-plate technique. A minimum 
of five drops of the same test liquid were placed on different locations of WPC surface and 
the measured contact angle values were averaged. Furthermore, the contact angles on the 
WPC surface were measured by using the sessile drop method and the static contact angles 
obtained were similar to the advancing contact angle values.
The surface energy (γS), and their polar (훾
p
S
) and dispersive (훾dS) components of as-received 
and UV/ozone treated WPC were obtained from the water and diiodomethane advancing 
contact angle values. Assuming that 훾S = 훾
p
S
+ 훾dS , the calculation of the polar and disper-
sive components of the surface energy of WPC was carried out by using Owens-Wendt 
approach – Equation (2):
 
where γi is the surface tension of the test liquid, θi is the advancing contact angle value, and 
the superscripts p and d correspond to the polar and dispersive components respectively 
of the surface tension of the test liquids or the surface energy of WPC. The components of 
(2)(1 + cosi)
(
훾 di + 훾
p
i
)
= 2
(√
훾 di 훾
d
S +
√
훾
p
i
훾
p
S
)
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the surface tension of water were 훾pwater = 51 mN/m and 훾
d
water = 21.8 mN/m, and the ones 
for diiodomethane were 훾p
CH2I2
 = 0 mN/m and 훾dCH2I2 = 50.8 mN/m.
2.3.4. Scanning electron microscopy
The changes in the surface topography of WPC after UV/ozone treatment were assessed 
by Scanning electron microscopy (SEM) in Jeol JSM-840 microscope (Jeol Ltd., Tokyo, 
Japan) working at 15 kV. In order to improve the contrast of the SEM micrographs, WPC 
surfaces were gold coated in Au/Pd Balzers metallizer SCD 004 (Oerlikon Surface Solutions, 
Balzers, Liechtenstein).
2.3.5. Adhesion measurements
The intrinsic adhesion of the as-received and UV/ozone treated WPC were assessed by 
using 180° peel tests of WPC/acrylic adhesive tape joints (Figure 3) in TA-XT2i texture 
analyser (Stable Micro Systems, Godalming, UK); a peeling rate of 10 mm/s was used. 
Acrylic adhesive tape of 19 mm width – Magic Scotch® tape (3 M, MN, USA) – was used 
for avoiding the influence of the solvents and the chemical characteristics of the adhesives 
or coatings on adhesion, as they may hinder the influence of the surface modifications of 
WPC on adhesive strength [18]. For preparing the joints, pieces of 180 mm length of the 
adhesive tape were placed on the WPC surface and, then, 30 consecutive passes with a 
rubber roller of 1 kg weight were carried out in order to create an intimate contact between 
WPC surface and adhesive tape. For facilitating the attachment of the adhesive joint to the 
upper clamp during adhesion test, about 110 mm length of the adhesive tape was not joined 
to the WPC. For adhesion test, the WPC specimen was attached to the lower clamp and 
the adhesive tape was attached to the upper clamp (Figure 3).
To evaluate the adhesion of WPC to different coatings, the cross-hatch adhesion test 
according to ASTM D3359 standard was used. The cross-hatch adhesion test consists in 
making 6 parallel cuts over the coated WPC surface by using multi-blade cutting device 
0302001 (Neurtek Instruments S.A. Eibar, Spain). Then, standard Tesa® adhesive tape was 
placed on the coated WPC surface and detache. The number of squares of the coating 
adhered to the tape were recorded and the adhesion values were obtained according to the 
Figure 3. scheme of 180° peel adhesion test.
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scale given in Figure 4, i.e., cross-hatch adhesion value of 5B (no squares of the coating 
adhere to the tape) means excellent adhesion, and cross-hatch adhesion value of 0B (the 
most squares of the coatings adhere to the tape) means poor adhesion [18].
Two commercial liquid coatings of different chemical nature and composition were used, 
modified silane polyurethane Sintex MS-35 Plus (Quilosa-Selena Iberia, Madrid, Spain) 
and polyvinyl acetate Caryal R-1 (Paniker S.L., Barcelona, Spain). The liquid coatings were 
applied over the WPC surface and the thickness was controlled by using 200 μm metering 
rod. The curing of the polyurethane coating was carried out at 25 °C for 4 weeks and the pol-
yvinyl acetate coating was cured at 25 °C for 24 h. The coated WPC pieces were kept at 23 °C 
and 50% relative humidity for a minimum of 24 h before adhesion measurement. Although 
three to five replicates are generally recommended for measuring adhesion, because of the 
high reproducibility of the results obtained in this study only two replicates were carried 
out and the cross-hatch adhesion values were averaged.
3. Results and discussion
3.1. Characterization of as-received WPCs
All WPC materials were commercial products and their surface and structural properties 
were characterized to understand the modifications produced by surface treatment with UV/
ozone. The ATR-IR spectrum of PP-WPC is shown, as typical example, in Figure 5. Typical 
bands due to lignocellulosic material – broad stretching band of OH groups at 3340 cm−1, 
stretching C=O band at 1633 and 1740 cm−1, hydroxyl group band at 1023 cm−1 (the most 
intense) – and polymer – CH stretching bands at 2842–2950 cm−1, CH bending bands at 
1375 and 1455 cm−1 – can be distinguished [27–29].
According to Stark et al. [29], IR spectroscopy is useful to determine the so-called ‘wood 
index’ that is related to the wood content of the WPC. The wood index values of the WPC 
materials used in this study were calculated as the ratio of the intensities between the bands 
of hydroxyl groups at 1023 cm−1 (I1023) and methylene groups at 2912 cm−1 (I2912) – Equation 
(3):
(3)Wood Index =
I1023
I2912
× 100
Figure 4. Cross-hatch adhesion scale according to astm D3359 standard.
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The wood index values of the WPC materials are shown in Table 1. PE-WPC composite has 
the highest wood content, and the lowest one corresponds to PVC-WPC.
The composition and thermal stability of as-received WPC materials were analyzed by 
TGA. Figure 6 shows, as typical example, the variation of the weight as a function of the 
temperature for PP-WPC. Three different thermal decompositions can be distinguished 
in PP-WPC due to water removal (maximum temperature of decomposition at 159 °C), 
decomposition of the lignocellulosic material (maximum temperature of decomposition at 
328 °C), and decomposition of the polymer (maximum temperature of decomposition at 
454 °C). The temperatures and weight losses of the different thermal decompositions of all 
WPC materials are given in Table 2. PE-WPC and PP-WPC composites show practically the 
same weight losses indicating very similar composition, but the temperatures of maximum 
decomposition of water and lignocellulosic material are different likely due to the different 
nature of the wood material used in their preparation. The amount of wood component in 
PE-WPC and PP-WPC obtained from TGA experiment and ATR-IR spectra (Tables 1 and 
2, respectively) are not similar. TGA provides information on the composition of the bulk 
WPC whereas ATR-IR spectroscopy gives information on about 10–15 μm surface depth. 
Because of UV/ozone treatment is restricted to the surface, in this study the values of Table 
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Figure 5. atr-ir spectrum of as-received pp-WpC.
Table 1. Wood index values of WpC materials.
WPC Wood index
pe-WpC 332
pp-WpC 179
pVC-WpC 60
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2 were considered more consistent than the results provided by TGA. On the other hand, 
PVC-WPC composite shows an additional thermal decomposition at 684 °C due to carbon 
dioxide evolution due to the presence of calcium carbonate filler in its composition [18]. The 
presence of inorganic compounds in the composition of WPC was addressed by changing 
nitrogen onto air at 800 °C and monitoring the weight loss during 15 min. According to 
Table 2, after 800 °C in air, the residual masses of PP-WPC and PE-WPC are 0 and 2 wt% 
respectively, indicating that the residual masses of 13–16 wt% obtained at the end of TGA 
experiment in nitrogen corresponds to char formation. However, after 800 °C in air, the 
residual mass of PVC-WPC is 16 wt%, confirming the existence of inorganic fillers (mainly 
calcium carbonate) in its composition [18].
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Figure 6. Variation of the weight as a function of the temperature for pp-WpC.
note: tGa thermogram. nitrogen atmosphere.
Table 2. main thermal decompositions of as-received WpC materials.
note: tGa experiments [18].
Compound
PE-WPC PP-WPC PVC-WPC
T (°C)
Weight loss 
(%) T (°C) Weight loss (%) T (°C) Weight loss (%)
Water 70 4 159 4 31 1
Wood fibre 291, 345 43 328 48 258, 279 28
polymer 449 37 454 35 441 34
Co2 – – – – 684 6
residue at 800 °C (n2) 800 16 800 13 800 31
residue at 800 °C (air) 800 2 800 0 800 16
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3.2. Surface treatment of WPC with UV/ozone
UV/ozone surface treatment of WPC was carried out at different UV lamp-WPC surface 
distances (10–50 mm) and for different times (1–10 min); under these experimental con-
ditions, UV doses between 2.02 × 10−14 and 5.05 × 10−12 J·s/m2 were produced.
The chemical modifications produced by UV/ozone treatment of WPC were assessed by 
ATR-IR spectroscopy. Figure 7 shows, as typical example, the ATR-IR spectra of as-received 
and UV/ozone treated PE-WPC for different times (the UV lamp-WPC surface distance 
was set to 10 mm) corresponding to UV doses between 0.5 × 10−13 and 5 × 10−12 J·s/m2. 
The surface treatment of PE-WPC with UV/ozone increases the intensity of the bands at 
2838–2949 cm−1 and 1376–1454 cm−1 due to stretching and bending of C–H groups of 
polyethylene respectively, indicating enrichment in polymer of WPC surface. Furthermore, 
new band at 1715 cm−1 due to C=O groups is produced by UV/ozone treatment due to 
oxidation of PE-WPC surface. The longer is the length of the UV/ozone treatment or the 
higher is UV dose, the more marked are the chemical modifications in PE-WPC surface.
The creation of new polar groups on WPC surface can be ascribed to oxidation by UV 
radiation with wavelengths of 184.9 and 253.7 nm in the presence of air. UV radiation 
(wavelength = 184.9 nm) removes contaminants from the surface by reacting with atmos-
pheric oxygen to form atomic oxygen and ozone, both strong oxidizing agents. Ozone is 
produced via a sequence of reactions. In a first step, molecular oxygen absorbs 184.9 nm 
UV light to form excited-stated molecular oxygen
which can dissociate to form two ground-state oxygen atoms.
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Figure 7. atr-ir spectra of as-received and UV/ozone treated pe-WpC during different times.
note: UV lamp-WpC surface distance: 10 mm. UV doses are also given.
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The O(3P) atoms can react with molecular oxygen to form ozone
Photolysis of ozone occurs on exposure to 253.7 nm UV light to form atomic and molecular 
oxygen
O(1D) is very reactive form of atomic oxygen and therefore is short-lived, and reacts with 
molecular oxygen and ozone.
On the other hand, the residual water in WPC may also react with O(1D) to produce 
hydroxyl radicals
The O(3P) and O(1D) forms of atomic oxygen are strong oxidizing agents that may react with 
polymer surface in different ways. The O(3P) may abstract hydrogen atoms from carbon 
atoms of the polymer chain, producing radical carbon sites able to form hydroxyl groups 
[30]. Furthermore, the molecular oxygen also may react with a carbon radical, forming a 
peroxy group, which can be oxidized to ketone, ester and/or carboxylic acid groups [31]. On 
the other hand, O(1D) can react with the polymer chain via an insertion reaction into C–H 
bonds to form hydroxyl groups or into C–C bonds to form ether groups [32], and further 
oxidation of hydroxyl and ether groups may occur. Furthermore, it has been demonstrated 
[33] that the ozone may react with the double C=C bonds of polymers to form ozonides as 
intermediate moieties that evolve to carbonyl and carboxylic groups (Scheme 1) that are 
responsible for the increased wettability of treated polymer surfaces.
Figure 8 shows the variation of the surface energy and its polar and dispersive compo-
nents of as-received and UV/ozone treated PE-WPC as a function of UV dose. According 
to Figure 2, UV dose increases by increasing the treatment time and by decreasing UV 
O∗2(
3Πu) → 2 O
(
3P
)
O
(
3P
)
+O2
(
3Σ−g
)
→ O3
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lamp-WPC surface distance. The surface energy of as-received PE-WPC is low (39 mJ/m2) 
and corresponds to dispersive component only, indicating that its surface is mostly covered 
by polymer. The surface treatment with UV/ozone increases the total surface energy of 
PE-WPC, mainly for UV power higher than 2.5 × 10−12 J·s/m2 that correspond to dura-
tion of treatment of 5 min or higher and UV lamp-WPC surface distance of 10 mm. The 
increase in surface energy is mainly due to an important increase of the polar component 
of PE-WPC likely due to the creation of new polar carbon-oxygen moieties by the UV/
ozone treatment, in agreement with previous findings in other polymers [33]. The increase 
of UV dose enhances more the surface energy of PE-WPC, but less significant change is 
Figure 8. Variation of the (a) polar and (b) dispersive components, and (c) total surface energy of as-
received and UV/ozone treated pe-WpC as a function of UV dose.
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produced for UV dose higher than 2.5 × 10−12 J·s/m2. This could be an indication of the 
dominant influence of the ablation over the chemical modification during UV/ozone surface 
treatment of WPC that is confirmed by the decrease in the dispersive component of the 
surface energy. On the other hand, the surface energy of UV/ozone treated PE-WPC with 
UV dose of 0.1 × 10−14 J·s/m2 or lower (i.e., during 5 min or less at UV lamp-WPC surface 
distance of 50 mm) is lower than the one of as-received PE-WPC; because of the surface 
energy of UV/ozone treated PE-WPC is mainly due to polar component, that decrease in 
surface energy can be likely due to insufficient extent of the chemical modification during 
UV/ozone treatment at low UV dose. Similar findings were obtained elsewhere for different 
polymers treated with UV/ozone [34,35] and the decrease in the dispersive component of 
the surface energy was ascribed to the creation of new roughness.
Figure 9. sem micrographs of as-received and UV/ozone treated pe-WpC.
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The surface topography of as-received PE-WPC was analyzed by SEM. Figure 9 shows 
that the surface of as-received PE-WPC is heterogeneous and rough, showing some wood 
fibers and some filaments of polymer between the wood fibers. The surface topography of 
PE-WPC is modified by treatment with UV/ozone. Figure 9 shows that the surface treat-
ment reduces the heterogeneity and roughness of PE-WPC surface in greater extent by 
increasing the UV dose and the most noticeable modification of the surface topography 
is produced by treatment at 10 mm distance during 10 min (UV dose: 5.0 × 10−12 J·s/m2). 
By increasing the duration or UV dose of UV/ozone treatment, surface ablation can be 
expected and wood material can be exposed to the surface too, and for duration of UV/
ozone treatment higher than 5 min, the ablation becomes dominant and new roughness is 
created, in agreement with previous findings [34,35]. On the other hand, UV lamp-WPC 
surface distance seems to modify more the surface topography of PE-WPC than the dura-
tion of UV/ozone treatment does.
Because of the surface modifications produced on PE-WPC surface by treatment with 
UV/ozone, an increase in adhesion can be expected. In order to quantify the ‘intrinsic’ 
adhesion, 180° peel tests of as-received and UV/ozone treated-adhesive tape joints were 
carried out (Figure 10). The treatment with UV/ozone increases the 180° peel strength 
values, the highest 180° peel strength values are obtained by using UV doses between 
0.5 × 10−14 and 2.5 × 10−12 J·s/m2, i.e., during 5 min or less at UV lamp-WPC surface dis-
tances of 10–30 mm. The adhesive strength is noticeably increased by decreasing the UV 
lamp-WPC surface distance during the treatment of PE-WPC with UV/ozone treatment for 
1 min only (UV dose <1.10−12 J·s/m2) but it is less marked by increasing the duration of the 
treatment and by using UV dose higher than 3.10−12 J·s/m2. The increased 180° peel strength 
of PE-WPC can be ascribed to the combination of new oxidized polar groups, increase in 
surface energy, surface ablation and creation of new roughness. On the other hand, the 
lower value of peel strength in the joint made with PE-WPC treated with the highest UV 
dose (5.05 × 10−12 J·s/m2), i.e., at 10 mm distance during 10 min, can be ascribed to higher 
smoothness and noticeable ablation which should inhibit the mechanical interlocking with 
the acrylic adhesive of the tape.
Figure 10. Variation of 180° peel adhesive strength of as-received and UV/ozone treated pe-WpC – acrylic 
tape joints as a function of UV dose.
note: an adhesion failure was always obtained.
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Figure 11. (a) atr-ir spectra of as-received and UV/ozone treated (10 mm, 10 min) pe-WpC. (b) atr-ir 
spectra of as-received and UV/ozone treated (10 mm, 10 min) pp-WpC. (c) atr-ir spectra of as-received 
and UV/ozone treated (10 mm, 10 min) pVC-WpC.
note: UV dose: 5.05 × 10−12 J·s/m2.
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Because of the less favorable conditions of UV/ozone treatment correspond to 10 mm 
distance and 10 min of duration or UV dose of 5.05 × 10−12 J·s/m2, the influence of the pol-
ymer used in the manufacture of different WPC materials on the effectiveness of UV/ozone 
treatment was determined by using these less favorable treatment conditions. ATR-IR spec-
tra of as-received and UV/ozone treated (UV dose: 5.05 × 10−12 J·s/m2) PE-WPC, PP-WPC 
and PVC-WPC are shown in Figures 11(a)–(c) respectively. The extent of the chemical 
modifications of the different WPC materials treated with UV/ozone depends on the nature 
of the polymer. Thus, the treatment of PE-WPC with UV/ozone increases the intensity of 
the bands at 2838 and 2949 cm−1 (C–H groups) and at 1376 and 1454 cm−1 (CH2 groups) 
of polyethylene, indicating the surface enrichment in polymer; additional, new polar C=O 
groups (band at 1715 cm−1) are produced (Figure 11(a)). On the other hand, a decrease of 
the intensity of the bands at 2838, 2949, 1454 and 1376 cm−1 due to C–H and methylene 
groups of the polypropylene respectively is evidenced in ATR-IR spectrum of UV/ozone 
treated PP-WPC composite (Figure 11(b)), indicating the partial removal of polymer from 
the surface; moreover, the intensity of the IR bands due to wood component is not changed 
by the surface treatment and new polar groups are not produced (Figure 11(b)), pointing 
to dominant ablation with respect to chemical functionalization. In contrast, UV/ozone 
treatment produces the oxidation of PVC-WPC because of the creation of new OH groups 
evidenced by the stretching band at 3380 cm−1 (the OH groups of the wood component 
appear at 3340 cm−1 in as-received PVC-WPC) and the creation of new C=O groups evi-
denced by the stretching band at 1714 cm−1 (Figure 11(c)).
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Figure 11. (Continued).
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The surface energies of as-received WPC materials are low (26–39 mJ/m2) and the lower 
values correspond to as-received PP-WPC and PVC-WPC (Table 3). The dispersive com-
ponents are dominant in the surface energies of as-received WPC materials except for 
small polar component in PVC-WPC (due to the chlorine atoms). Therefore, the outer-
most surfaces of the WPC materials are mainly composed of polymer because of their 
wood components are highly polar. The treatment with UV/ozone changes the polarity 
and surface energy of WPC in different manner depending on the polymer. Because of the 
creation of new carbon-oxygen groups by treatment with UV/ozone, the surface energies 
of PE-WPC and PVC-WPC increase noticeably (57–62 mJ/m2), this increase is mainly due 
Table 3. total (γS), polar (훾
p
S
) and dispersive (훾dS ) components of the surface energy of as-received and UV/
ozone (10 mm, 10 min) treated WpC materials.
note: UV dose: 5.05 × 10−12 J·s/m2
WPC
As-received WPC UV/ozone treated WPC
훾
p
S
 (mJ/m2) 훾dS  (mJ/m
2) γS (mJ/m
2) 훾p
S
 (mJ/m2) 훾dS  (mJ/m
2) γS (mJ/m
2)
pe-WpC 0 39 39 22 35 57
pp-WpC 0 26 26 8 25 33
pVC-WpC 7 21 28 37 25 62
Figure 12. sem micrographs of as-received and UV/ozone treated (10 mm, 10 min) WpC materials.
note: UV dose: 5.05 × 10−12 J·s/m2.
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to the increase in the polar component of the surface energy which is more noticeable for 
PVC-WPC (Table 3). However, the treatment of PP-WPC with UV/ozone does not produce 
an important increase in surface energy because of the absence of polar groups evidenced 
by ATR-IR spectroscopy.
Figure 12 shows the SEM micrographs of as-received WPC materials. PVC-WPC shows 
smooth outermost surface in which some holes and pores appear, confirming that almost all 
surface is covered by PVC polymer; furthermore, PVC-WPC composite has the lowest wood 
content with respect to the other WPC materials. On the other hand, as-received PE-WPC 
and PP-WPC surfaces are heterogeneous and rough showing some wood fibers and some 
filaments of polymer between the wood fibers (Figure 12). UV/ozone treatment of WPC 
changes its surface roughness and topography in different manner depending of the polymer. 
Figure 12 shows that UV/ozone surface treatment produces ablation of PE-WPC surface 
and new roughness and porosity are created. However, UV/ozone treatment of PP-WPC 
produces ablation mainly, and UV/ozone treatment of PVC-WPC creates some roughness 
and increases the number of pores/small holes, although the surface is still smoother than 
for the other UV/ozone treated WPC materials.
Figure 13a. photos of the polyvinyl acetate coated as-received and UV/ozone treated (10 mm, 10 min) 
WpC materials, after cross-hatch adhesion test.
note: UV dose: 5.05 × 10−12 J·s/m2.
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Table 4 shows the 180° peel strength values of joints made with adhesive tape and as-re-
ceived and UV/ozone treated WPC. Adhesive strength of the joint made with as-received 
PE-WPC is the lowest and the one made with as-received PP-WPC is the highest, but all 
values are small. A moderate increase in adhesive strength is obtained in the joints made 
with UV/ozone treated PE-WPC or PP-WPC because of dominant ablation caused by the 
treatment. However, the 180° peel strength of the joint made with PVC-WPC is smaller 
than the one of as-received PVC-WPC (Table 4), because of the poor mechanical interaction 
between the acrylic adhesive on the tape and the surface heterogeneities created by UV/
ozone treatment. In fact, it should be kept in mind the poor wettability of the solid acrylic 
adhesive tape and its pressure sensitive adhesive character, i.e., the adhesion expected cannot 
be high because of this type of adhesive never cures. Therefore, the intrinsic adhesion of 
WPC is not increased by treatment with UV/ozone by using UV dose of 5.05 × 10−12 J·s/
m2, but it is improved by treatment with UV dose lower than 2 × 10−12 J·s/m2.
3.3. Adhesion of UV/ozone treated WPC to coatings
The ‘experimental’ adhesion in joints is affected by the surface modification of the substrate 
and by the chemical characteristics of the adhesive or the coating, among other factors. 
The modifications produced by UV/ozone treatment anticipate an increase in adhesion of 
WPC that was unexpectedly moderate in 180° peel strength values (‘intrinsic’ adhesion) 
of the joints made with acrylic adhesive tape (see Section 3.2). Therefore, the experimental 
adhesion of as-received and UV/ozone treated WPC was also measured in joints made with 
different coatings. For assuring adequate wettability, polyvinyl acetate (PVA) and silane 
modified polyurethane (PU) coatings were applied as liquids on the WPC surface. After 
being cured, the cross-hatch adhesion of the coatings on as-received and UV/ozone treated 
WPC with UV dose of 5.05 × 10−12 J·s/m2 was measured.
Figure 13a shows the aspect of the polyvinyl acetate (PVA) coated WPC surfaces after 
cross-hatch adhesion tests, and the values of cross-hatch adhesion according to ASTM 
D3359 standard are shown in Table 5. The cross-hatch adhesion values of the PVA coated 
as-received PE-WPC and PP-WPC are good as values of 4B are obtained, i.e., there is no 
detachment of the squares of the coating from the WPC surface, but deep scratches due 
to the penetration of the multiblade cut device can be distinguished. However, the cross-
hatch adhesion of the PVA coated PVC-WPC is quite poor (a value of 0B is obtained) and 
most of the squares of the coating are detached from the surface. After treating with UV/
ozone, the cross-hatch adhesion of WPC materials increase to 5B in PVA coated PE-WPC 
and PP-PVC, and to 4B in PVA coated PVC-WPC; none of the coatings are detached from 
the UV/ozone treated surfaces, confirming the effectiveness of the UV/ozone treatment in 
Table 4. 180° peel strength values of as-received and UV/ozone treated WpC/acrylic adhesive tape joints.
note: UV dose: 5.05 × 10−12 J·s/m2.
WPC
180° peel strength (N/m)
As-received UV/ozone (10 mm, 10 min)
pe-WpC 26 ± 7 33 ± 10
pp-WpC 90 ± 5 114 ± 4
pVC-WpC 59 ± 16 2 ± 1
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improving the adhesion of WPC materials made with polymers of different nature, irre-
spective of their wood content.
Figure 13b shows the aspect of the polyurethane (PU) coated WPC surfaces after cross-
hatch adhesion tests, and the values of cross-hatch adhesion according to ASTM D3359 
standard are shown in Table 5. The cross-hatch adhesion values of PU coated as-received 
WPC materials are 3B or lower – 3B (PU coated as-received PP-WPC), 2B (PU coated 
as-received PE-WPC), 0B (PU coated as-received PVC-WPC) –, and the detachment of 
several squares of the coating from WPC surface is noticed (Figure 13b). After surface 
treatment with UV/ozone, all WPC materials show much improved cross-hatch adhesion 
and values of 5B for PU coated UV/ozone treated PE-WPC and PP-WPC and value of 4B 
for PU coated UV/ozone treated PVC-WPC composite are obtained (Table 5), and none of 
the squares of the coatings are removed from the UV/ozone treated WPC surface.
The improved cross-hatch adhesion of UV/ozone treated WPC can be ascribed to the 
combination of creation of polarity and roughness, increase in surface energy, and ablation 
Figure 13b. photos of the polyurethane coated as-received and UV/ozone treated (10 mm, 10 min) WpC 
materials, after cross-hatch adhesion test.
note: UV dose: 5.05 × 10−12 J·s/m2.
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caused by the treatment. Therefore, the adhesion of WPC is not strongly affected by its 
structure but it is severely modified by the polymer nature, the surface composition and 
modifications caused by surface UV/ozone treatment. The effectiveness of the UV/ozone 
treatment, even under the less favorable treatment conditions, in improving the adhesion of 
WPC materials made with polymers of different nature to different coatings is confirmed. 
The surface modifications and adhesion of UV/ozone treated WPC are more marked when 
its wood content is higher and by using UV dose between 0.10 × 10−12 and 2.53 × 10−12 J·s/m2.
4. Conclusions
UV/ozone surface treatment of WPC materials made with different polymers increased 
their surface energy, mainly their polar component, caused ablation and the creation of 
new roughness, and increased the adhesion to different coatings. UV lamp-WPC surface 
distance and the duration of the treatment determined the effectiveness of UV/ozone treat-
ment of WPC. UV/ozone treatment at short distance (10–30 mm) and for less than 5 min 
or UV dose lower 2.5 × 10−12 J·s/m2 was sufficient to increase the polarity, surface energy 
and adhesion of PP-WPC composite. The use of more aggressive conditions (10 mm dis-
tance and 10 min – UV dose lower 5.05 × 10−12 J·s/m2) reduced the intrinsic adhesion of 
the WPC to acrylic adhesive tape because of the dominance of ablation over the creation of 
new chemical groups. However, even under these unfavorable conditions, improved cross-
hatch adhesion to different coatings was obtained. The surface modifications and adhesion 
of UV/ozone treated WPC are more marked when its wood content is higher and by using 
UV dose between 0.10 × 10−12 and 2.53 × 10−12 J·s/m2. The treatment with UV/ozone is 
promising for improving the adhesion of WPC materials made with different polymers and 
it is environmentally friendly.
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Table 5. Cross-hatch adhesion values of polyvinyl acetate (pVa) and polyurethane (pU) coated WpC.
note: UV dose: 5.05 × 10−12 J·s/m2.
WPC
Cross-hatch adhesion (a.u.) – ASTM D3359
As-received UV/ozone (10 mm, 10 min)
PVA PU PVA PU
pe-WpC 4B 2B 5B 5B
pp-WpC 4B 3B 5B 5B
pVC-WpC 0B 0B 4B 4B
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